High-resolution measurements have been made on the infrared emission spectrum of H 12 C 14 N, H 12 C 15 N, and H 13 C 14 N at temperatures on the order of 1370 K. The measurements cover the region 400 -850 cm Ϫ1 with a resolution of 0.006 cm Ϫ1 . New room-temperature absorption measurements are also reported for H 13 C 14 N in the regions, 1200 -1500 cm Ϫ1 and 2500 -3700 cm Ϫ1 . These measurements are combined with earlier measurements to obtain improved values for the rovibrational constants for these three isotopomers. The high temperatures allowed us to measure the bending vibrational levels up to the 0 11 11 
INTRODUCTION
In a recent paper (1) we reported the analysis of the hightemperature emission spectrum of D 13 C 15 N in which we observed levels up to v 2 ϭ 12, l ϭ 12, which is nearly 6900 cm Ϫ1 above the ground state. The present paper is a continuation of that work. We have now measured and analyzed the high-temperature emission spectrum in the 2 region for H 12 C 14 N, H 12 C 15 N, and H 13 C 14 N. These new measurements give term values for the bending states up to v 2 ϭ 10 and l ϭ 10 in all three cases and up to v 2 ϭ 11, l ϭ 11 for H 12 C 15 N and H 13 C 14 N. The smallest l-values were not observed beyond v 2 ϭ 9 because of the less favorable intensity factors and the more crowded spectral region where those transitions occur. In addition to observing high v 2 levels, the present measurements also extend to high rotational levels, thus giving better estimates of the higher order centrifugal distortion constants, H v . Even though there is a high correlation with other constants, we have observed the l-dependence of the l-type resonance constant, represented by q l .
In an earlier paper (2) we presented an analysis of the vibrational energy levels of H 12 C 14 N and H 12 C 15 N that included some measurements through v 2 ϭ 6. In Tables 1-4 of that paper we presented a number of constants that were not measured, but were based on a modest extrapolation of the vibrational dependence of the rovibrational constants. The present measurements vindicate our optimism for the accuracy of those extrapolations and extend our accurate knowledge of the bending potential for three isotopomers of HCN to levels that are well above the ground state of the HNC isomer.
EXPERIMENTAL DETAILS
Most of the details of the high-temperature measurements were presented in Ref. (1) . Table 1 lists the conditions used in the recording of the emission spectra used in this work. The emission spectra had a resolution, 0.006 cm Ϫ1 , that was somewhat larger than the Doppler width of 0.0036 cm Ϫ1 at 1370 K and 700 cm Ϫ1 . Most of the absorption measurements were taken from spectra used in our earlier papers (2, 3) . Tables 2,  3, and 4 give the vibrational transitions that were included in the least-squares fits used for this paper.
The calibration of all the emission measurements made use of the 2 transitions for H 12 C 14 N that had previously been reported (2, 3) . For the isotopically enriched samples there was sufficient residual H 12 C 14 N in the sample to allow such calibration. The accuracy of the calibration was checked by comparing the present values for the vibrational levels with those values given from absorption measurements in our earlier paper (2) . Especially useful is the comparison of the present value for the 03 1 0 level with that reported earlier from absorption measurements that were calibrated with the very precisely known CO absorption lines (4). A similar comparison was made for the present emission and absorption measurements for H 13 C 14 N. We believe that the accuracy of the energy levels measured in the emission spectra is well represented by the uncertainties given in the present tables. Energy levels above 3500 cm Ϫ1 and measured only in absorption spectra were not so thoroughly checked and may have additional calibration errors which lead to uncertainties on the order of Ϯ0.0008 cm Ϫ1 at 5000 cm Ϫ1 and rising to twice that value at 10 000 cm Ϫ1 .
ANALYSIS OF THE SPECTRA
Based on earlier measurements of the bending manifolds for H 12 C 14 N and H 12 C 15 N that extended to v 2 ϭ 6, it was quite easy to assign the strongest transitions to levels that had already been observed. From the constants given in Tables 7-10 in Ref.  (2) it was then possible to calculate the transitions for the next higher bending level. After the discovery and analysis of the transitions for each new vibrational level was completed, a new set of constants was determined and used to predict the location of the next higher level. As long as the extrapolation was not more than one unit in the bending quantum number, v 2 , the calculated transition wavenumbers were always within 0.04 cm Ϫ1 of the observed transitions and usually within 0.02 cm Ϫ1 . A similar procedure was followed for H 13 C 14 N except that we began with much less information about the lower bending vibrations. Before analyzing the emission spectrum of H 13 C 14 N, we measured and analyzed the absorption spectrum in the region of the 2 2 band. Those measurements provided information on bending levels through v 2 ϭ 5. Absorption spectra also were measured for the 3 2 and 2 ϩ 3 regions, which gave more data for the bending manifold as well as for the transitions involving 3 through the 03 1,3 1 levels. In the emission spectra we could identify transitions for all those levels and then could extend the assignments to higher levels using the "boot-strap" iterative technique just described for extending the transitions for H 12 C 14 N. As can be seen in Fig. 1 the emission spectrum was quite crowded, especially in the region 700 -725 cm Ϫ1 where there were many Q-branch transitions. Also visible in Fig. 1 are the Q-branch absorption lines of the 01 1f 0-00 0 0 transitions that come from the cool portion of the absorption cell near the windows. In fact, most of the emission lines in the region from 712 to 715 cm Ϫ1 are obscured by the strong self-absorption of the transitions from the ground state. Figure 2 shows the emission spectrum in the R-branch region where the density of lines is not nearly so great. Even in such a region of comparatively low line density, there are several lines that are not well resolved from other lines.
To some extent the success of finding transitions was dependent on accidents of fate. If a long stretch of transitions should fall under some stronger transitions, then it was not possible to be certain of the assignment of the few transitions that could be resolved and we chose to ignore those assignments. That is the primary reason that the same levels were not observed for all isotopic species, even though the emission spectra were measured under comparable conditions of temperature, path length, and pressure.
In our earlier measurements on D 13 C 15 N (1) we showed that the strongest transitions were of the type v 2 ϩ 1, l ϩ 1, J ϩ 1 3 v 2 , l ϭ v 2 , J. Fortunately for this study, those transitions were mostly in a region of the spectrum where the density of lines was comparatively low. Those were the main factors that allowed us to observe such high vibrational levels with v 2 ϭ l. The present measurements were analyzed in the same way as our earlier measurements (1, 2) . For each isotopomer, all the present measurements were combined with previous measurements in a single least-squares fit that gave the values and uncertainties for the rovibrational constants for each vibrational state as corrected for the effects of l-type resonance and for any Coriolis resonances that produce directly observed displacements of some lines.
The least-squares fit used an energy matrix with the diagonal matrix elements
where the unperturbed rotational term value is given by
and the unperturbed vibrational term value is given by G 0 (v, l ). The effects of l-type resonance were taken into account by using off-diagonal matrix elements of the form 
[4]
In Eq. [3] we give the q l term which is equivalent to the q t k term described by Watson (5) . For HCN the k and l quantum numbers are the same. Although defined somewhat differently, the q l term is equivalent to the ll given in Ref. (2) . In that earlier work we tried to determine the ll term from fits of the q v terms for ⌺ and ⌸ states. In the present case the l-dependence is built into the energy matrix which is where it really belongs. The value of q l seems to be fairly well determined although it is highly correlated with v and both are small off-diagonal constants coupling levels whose separation is many orders of magnitude larger than the coupling constants. For ⌸ vibrational states the coefficient of q l is zero and so it does not affect the value of q v for ⌸ states. For v 2 ϭ 2 states the q l term cannot be distinguished from the q v term. Only for the v 2 Ͼ 2 states can we hope to determine a value for q l . In our fits we have used the same value of q l for all values of v 2 . The value of v was even better determined than q l and so it was possible to obtain a rough estimate of the vibrational dependence of v . In keeping with the notation used in our most recent paper (1), we report the energy levels in terms of G 0 (v, l ), where G 0 (0, 0) ϭ 0, but the observed band centers are given by
where
Note that this definition of G c (v, l ) is nearly the same as the G v given in Ref. (2) . In this analysis no vibrational resonances have been analyzed and so such matrix elements have not been used in the energy matrix. A single type of Coriolis interaction has been found for these three isotopomers and was represented by the off-diagonal matrix element
In our least-squares fit of the data for H 13 C 14 N we have combined all the data available to us in a single fit that had over 8200 measurements. Included in the fit were the rotational transitions measured earlier (6 -8) . Each set of measurements, or in some cases each measurement, was weighted by the inverse square of the measurement uncertainty. Many of the transitions were unresolved doublets and in those cases our program fits the unresolved doublets to the average position of the two transitions.
For the fits of the H 12 C 14 N and H 12 C 15 N data we included most of our earlier infrared measurements (2, 3), but some vibrational levels that were not involved in the high-temperature measurements were left out of the fit. A total of 12 200 measurements were included in the H 12 C 14 N least-squares fit and 7800 measurements in the H 12 C 15 N fit. The rovibrational constants that resulted from the fits are given in Tables 5-8 . In certain cases the data were not extensive enough to determine the values for some higher order constants. Those constants that are given in square brackets were fixed at values extrapolated from the rovibrational dependence of other vibrational states. We believe that such extrapolated values are better than fixing the constants at some arbitrary value such as zero.
NEW RESONANCES THAT HAVE BEEN FOUND

Coriolis Resonances
For H 12 C 14 N and H 12 C 15 N it has previously been shown that there is a Coriolis interaction that couples levels such as 01 1 1 and 04 0 0, or 02 0 1 and 05 1e 0. That interaction is represented by the matrix element given above in Eq. [7] . Tables 5 and 6 of Ref. (2) give a good description of the Coriolis perturbations found for H 12 C 14 N and H 12 C 15 N. The present measurements give constants that are only slightly different, always within the uncertainty of the constants. A few new level crossings have been identified and those are given in Table 9 . As was done in (2), the third column of Table 9 gives the actual (or perturbed) separation of the interacting levels at the crossing point. The same Coriolis interaction has now been observed to affect levels of H 13 C 14 N beginning with the levels 05 1 0 and 02 2 1. Table 9 shows the perturbations that have been observed for H 13 C 14 N. In most cases only a single perturbation constant, W v , could be determined for the coupling between a given pair of states. However, the three resonances observed between the 6 2 and 3 2 ϩ 3 states are not fit very well with a single interaction constant, W v . Instead, we added the J-dependent constant, W vJ , given in Eq. [7] . In Table 9 we have given the effective interaction constant at the J value for each of the three crossing points.
The interaction constants coupling equivalent states in different isotopomers have similar values, at least in some cases. On the other hand, the constants coupling different vibrational states are often quite different. Some of that difference may be a normal vibrational dependence, but other factors may be involved.
Vibrational Resonances
There is another accidental crossing of energy levels that occurs in both H 12 C 14 N and H 13 C 14 N. In the former case the 02 2e 2 level is crossed by the 08 2e 0 level at J ϭ 28 and in the latter case the 02 0 2 and 08 0 0 levels cross as well as the 02 2 2 and 08 2 0 levels. This latter case will be discussed first.
According to the constants given in Table 10 , the 02 0 2 vibrational level for H 13 C 14 N is only about 6.7 cm Ϫ1 above the 08 0 0 level. The lower level has a larger B-value and so must overtake and cross the 02 0 2 level between J ϭ 12 and J ϭ 14. In fact we estimate that the J ϭ 13 levels are only about 0.01 Ϯ 0.10 cm Ϫ1 apart. Since the two levels have the same symmetry, a vibrational resonance between them is possible with a direct resonance constant due to the k 22222233 term in the potential function. Other scenarios for the perturbation could be found involving more indirect perturbations operating through larger potential constants but between more distant levels.
We have only one measurement of the J ϭ 13 level for 08 0 0 and it does not seem to be displaced from its expected position, nor do the adjoining rotational levels. It can also be shown that the 02 2 2 levels are crossed by the 08 2 0 levels with the J ϭ 10 level of 02 2e 2 being 0.27 Ϯ 0.15 cm
Ϫ1
above that of the 08 2e 0 level and the J ϭ 11 level of 02 2f 2 being 0.21 Ϯ 0.15 cm Ϫ1 below that of 08 2f 0, although none of these levels have been observed. Other levels are expected to be more distant.
The crossing of the 02 2e 2 and 08 2e 0 levels of H 12 C 14 N also seems not to result in any perturbation of the levels. We have tried to use a vibrational perturbation matrix element in the analysis of the measurements for those two states and the constant cannot be determined, but it must be small. In this case, however, the relevant levels of the two states are always separated by more than 0.9 cm Ϫ1 , so a weak interaction would be difficult to detect.
These measurements indicate that these vibrational perturbations are too weak to displace the levels by more than 0.0005 cm Ϫ1 . That is not surprising because such a highorder potential constant should be quite small and any indirect resonance mechanism also would be expected to have a small effect. It does show, however, that the normal rules for interactions still seem to be effective as we go higher in the potential function. In a collision-free environment there is very little mixing of the high bending states with nearby states containing some degree of stretching motion, even when they have the same symmetry.
VIBRATIONAL DEPENDENCE OF THE CONSTANTS
To extend our ability to calculate term values for higher bending states, we have included the present measurements in a new least-squares fit of the various constants given in Tables  5-8 to determine the best constants for the usual power series expansion in the vibrational quantum numbers and the quantum number for vibrational angular momentum, l. The vibrational term values were fit to the equation:
[8] Here since we have defined G 0 (0, 0) equal to zero, then G(0, 0) represents the zero-point vibrational energy. In this and the following equations the sums are over all values of the subscript from 1 to 3 except that h Ն k Ն j Ն i and the degeneracy is given by d 1 ϭ d 3 ϭ 1 and d 2 ϭ 2. These constants are given in Table 10 . In Tables 10 -13 we also give constants for H 13 C 15 N based on some preliminary measurements. A more complete summary of data for H 13 C 15 N based on both absorption and emission spectra will be published when the analysis of the emission spectrum is completed.
The usual expression for the rotational constants was used to determine the constants given in Table 11 : 
[9]
The centrifugal distortion constants given in Table 12 were based on fits to the expressions [10] and
The l-type resonance constants were expanded in a similar manner,
and
[13]
As can be seen in Table 8 , there were very few measurements of q vJJ and v so those measurements were fit to an abbreviated power series 
[14]
and v ϭ * ϩ 2 ͑v 2 ϩ 1͒ ϩ 3 ͑v 3 ϩ 1/ 2͒.
[15]
Those expansion constants are given in Table 13 .
EQUILIBRIUM INTERNUCLEAR DISTANCES
We now have enough data to calculate the equilibrium internuclear distances, accurate through all of the quadratic rotational constants and many of the cubic constants, for HCN using eight different isotopomers. Table 14 . These are slightly different from the values given in Ref. (1) because of a computational error that affects only the B e values in that paper. Until now, the most accurate experimental determination of the equilibrium internuclear distances for HCN was given by Winnewisser et al. (6) based on the B e values for only two isotopomers, H 12 C 14 N and D 12 C 14 N. That earlier work used ␣ i and ␥ ij constants that were not as accurate as the present values, and for DCN they were significantly different. Table 11 shows that in most cases the constants for the different isotopomers have nearly the same value. This encouraged us to fix those constants that could not be determined for a certain isotopomer to the value found for a different isotopomer. Thus we were able to use the same model for making the B e calculation for all isotopomers of HCN. For the DCN isotopomers we could not use the constants for HCN because the isotopic shift was too large. Instead, we concentrated on trying to get as many of the same constants as possible, and on transferring between DCN isotopomers those constants that could only be determined for one or two isotopomers.
In Fig. 4 we give eight lines or curves each of which represents the family of internuclear distances that is compatible with the B e value for one isotopomer of HCN (or DCN). The crossing points of these lines represent the equilibrium distances for each pair of isotopic B e values given in Table 14 . The four less steeply inclined lines (the dashed lines) are for the deuterated species and the figure shows that their crossing with the more steeply inclined HCN lines gives the best definition of the internuclear distances. The four DCN lines (as well as the HCN lines) are so nearly parallel that small errors in the B e values can make a large difference in the crossing point and so the internuclear distances are poorly defined. For that reason, one should concentrate attention only on the internuclear distances set off by lines in the lower left-hand corner of the matrix of values given in Table 14 . If we use the spread in the internuclear distances as an indication of the uncertainty, the unweighted average distances in HCN are r e (CH) ϭ (1.065 112 Ϯ 0.000 048) ϫ 10 Ϫ8 cm and r e (CN) ϭ (1.153 283 Ϯ 0.000 011) ϫ 10 Ϫ8 cm. These distances are based on unified atomic mass units and other constants all of which are given in Ref. (9) . The differences shown in Table 14 are within the range of differences expected to arise from inaccuracies in both the data and the model. Carter et al. (10) used variational calculations to make the B 0 -B e correction. Their values for the equilibrium bond lengths are so close to our values that the uncertainties nearly overlap.
The closeness of the earlier internuclear distances to the present values shows that small differences in the models used to calculate the B 0 to B e correction are not very important when light atom substitutions are used. They are, however, quite important for heavy atom substitutions. The heavy atom substitutions for DCN show a wider range of internuclear distance solutions than the heavy atom substitutions for HCN, primarily because the data for HCN are more extensive and more accurate, hence the model for calculating the B 0 to B e correction includes more of the higher order terms and gives a more accurate value for B e . One is tempted to suggest that the heavy atom substitution for the hydrogen-containing isotopomers gives equilibrium distances that are larger for the CH separation and smaller for the CN separation than the light atom substitutions. However, the uncertainties are large enough to cast doubt on that conclusion.
DISCUSSION
The present results show rather remarkable agreement with the calculated constants given in square brackets in Tables 3  and 4 of our earlier paper (2) . For the v 2 ϭ 7 states the largest difference between our estimated G c and the present measure- The present measurements give data for 20 more vibrational energy levels involving the bending mode of H 12 C 14 N and yet only a few more constants were needed to produce a fit that was nearly as good as that given in Ref. (2) . This seems to indicate that the bending vibration is well behaved, which is perhaps not surprising since the Coriolis interactions are quite weak and do not affect the band centers. The bending levels with large l-values are too far from other levels with the same symmetry to provide much opportunity for significant vibrational resonance interactions, therefore resonances are more likely to affect the levels with the least vibrational angular momentum. Those problems that do occur in fitting the vibrational and rotational constants to Eqs. [8] and [9] are probably related to the Fermi resonances that have been ignored. Tables 10 -13 show that the heavy atom isotope shifts for most of the constants are not very large. Consequently, one can transfer from one isotope to another those constants that have not been measured and still have confidence that calculated transitions will not be greatly in error provided one is not trying to extrapolate too far outside the range of measurements. The force-field calculations of Strey and Mills (11) and Nakagawa and Morino (12) are in good agreement with our measurements for the shifts in the lowest order vibrational and rotational constants.
Even though v and q l are highly correlated, we still find reasonably good agreement between the values found for the The dependence of the v terms on v 2 is roughly the same for all three isotopomers and probably includes some contribution from q l which was constrained to have no vibrational dependence.
The relative signs of q l and v are determined by the fit of the measurements, but the absolute signs depend on the absolute sign of q v . Since we have arbitrarily used a positive sign for q v , then q l must have a positive sign and v must be negative. Yamada (13) has given a detailed description of how the phase choices affect the sign of q v . Watson (5) gave formulas based on rotational-type contributions in which he showed that if q l is positive and q vJ is positive, then q l should be smaller than q vJ . On the contrary, we find that q l is about 100 times larger than q vJ . Perhaps there are some vibrationaltype contributions that are much larger. On the other hand, if a proper analysis were performed with the Fermi resonances taken into account, then the constants might be quite different.
It is somewhat surprising that the power series for the D v terms fit so poorly for the H 12 C 14 N species. Even the D v terms for the 030 and 040 states are poorly fit, although the fit of the spectroscopic measurements is very good. Table 12 shows that a few constants found for H 12 C 14 N are quite different from those for H 13 C 14 N and H 12 C 15 N, even the signs of the ␤ ll terms are different. At first it was believed that the difference was due to the inclusion of data for more of the higher stretching states. To test that possibility we tried a fit in which the only data used were for vibrational states observed in both H 12 C 14 N and H 13 C 14 N. That fit gave nearly the same constants as given in Table 12 and again the standard deviation of the fit for H 12 C 14 N was quite poor. Since the centrifugal distortion terms are sensitive to weak interactions, the poor fit of the H 12 C 14 N centrifugal distortion terms may be due to interactions that were not taken into account in our analysis, especially the possibility of Fermi resonance.
There are surprisingly large vibrational (or l-dependent) shifts for some of the higher order constants such as H v and q vJ . For example, B v changes by less than 2% as l changes from 1 to 9 with no change in the vibrational quantum numbers, while H v changes by more than a factor of 10. 
Note on Supplemental Data
An extensive listing of the data used in the least-squares analysis is available from the authors in the form of a diskette containing ASCII files for Tables A-1, A-2, and A-3. These files are also available as supplementary data on the journal home page (http://www.academicpress.com/jms).
